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Abstract 19 
In species where both parents cooperate to care for their joint offspring, each parent often adjusts 20 
its contribution based on the level of care provided by its partner. It is currently unclear whether 21 
each parent also adjusts its personal contribution based on its own state and its partner’s state. To 22 
address this gap, we conducted an experiment on the burying beetle Nicrophorus vespilloides 23 
where we first generated different-sized male and female parents experimentally by varying the 24 
duration of their larval development. We then used a 2×2 factorial design in which a small or 25 
large male was paired with a small or large female. We found that small females provided less 26 
direct care (food provisioning and interactions with larvae) than large females, and that males 27 
and females provided less direct care when paired with a small partner. Thus, the focal parent 28 
adjusted its contribution towards care based on both its own state and that of its partner. We also 29 
found evidence for negotiation between the two parents as the focal parent adjusted its 30 
contribution based on the amount of care by its partner. However, there was no evidence that 31 
negotiation accounted for how the focal parent responded to its partner’s size. Our results have 32 
important implications for our understanding of biparental cooperation as they show that each 33 
parent not only adjusts its contribution based on the amount of care provided by its partner but 34 
also based on its own state and the state of its partner. 35 
 36 
Keywords: biparental care; burying beetles; negotiation; Nicrophorus vespilloides; sealed bid; 37 
sexual conflict  38 
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Introduction 39 
Parents of many animals, including the majority of birds (Cockburn, 2006) as well as some 40 
mammals, fishes and insects (Balshine, 2012; Trumbo, 2012), cooperate to care for their joint 41 
offspring. Until now, most work on biparental cooperation has focused on how a focal parent 42 
adjusts its contribution based on the amount of care provided by its partner (Lessells, 2012). This 43 
focus is motivated by theoretical models for the evolutionarily resolution of sexual conflict 44 
between caring parents (Houston et al., 2005; Lessells, 2012). Such sexual conflict arises 45 
because the benefit of care to each parent depends on the parents’ combined effort while the cost 46 
depends only on the parent’s personal effort (Lessells, 2012). Thus, each parent will be under 47 
selection to reduce its personal cost by shifting as much of the workload as possible over to its 48 
partner. Theoretical models suggest that this conflict can be resolved through three behavioural 49 
mechanisms: negotiation, matching and sealed bid decisions. Negotiation and matching occur 50 
when each parent adjusts its level of care in direct response to its partner's contribution. When 51 
there is negotiation, the focal parent responds to a reduction in amount of care provided by its 52 
partner by increasing its contribution, though only such that it compensates incompletely for the 53 
partner’s reduction (McNamara et al., 1999). In contrast, when there is matching, the focal 54 
parent responds by matching any increase or reduction in its partner’s contribution (Johnstone & 55 
Hinde, 2006). Finally, sealed bid decisions occur when each parent makes an initial fixed 56 
decision about how much care to provide and that decision is independent of that of its partner 57 
(Houston & Davies, 1985). Empirical studies on birds and other taxa provide evidence in support 58 
of all three mechanisms (e.g., negotiation: Wright & Cuthill, 1989; matching: Hinde, 2006; 59 
sealed bid: Schwagmeyer et al., 2002), although a meta-analysis of studies on birds found overall 60 
support for negotiation (Harrison et al., 2009). 61 
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Although there has been much progress in our understanding of how a focal parent adjusts 62 
its decision based on the behaviour of its partner, little is known about how each parent might 63 
adjust its personal contribution based its own state and that of its partner. This is surprising given 64 
that parental care incurs significant costs to a parent in terms of energy and time expenditure 65 
(Alonso-Alvarez & Velando, 2012) and that these costs are likely to be conditional on the 66 
parent’s own state. For example, previous theoretical models show that variation in an 67 
individual’s state can affect its decision about whether to care for the brood or desert it (Barta et 68 
al., 2002; Webb et al., 2002). Thus, variation in state may be expected to affect an individual’s 69 
decisions about how much care to provide. Furthermore, if variation in state affects the amount 70 
of care each parent provides, the focal parent may also adjust its contribution based on the state 71 
of its partner. There is evidence from studies on other forms of cooperation showing that an 72 
individual adjusts its personal contribution based on both its own state and that of its partner. For 73 
example, food supplementation experiments on cooperatively breeding species, such as meerkats 74 
(Suricata suricatta) and pied babblers (Turdoides bicolor), show that well-fed individuals 75 
contribute more towards communal tasks, such as offspring care and sentinel duties (Clutton-76 
Brock et al., 2000; Bell et al., 2010). Furthermore, in pied babblers, individuals also adjust their 77 
sentinel behaviour based on information about the nutritional state of other individuals in the 78 
group (Bell et al., 2010). Thus, it is now timely to investigate whether cooperating parents also 79 
adjust their contribution based on their own state and the state of their partner. 80 
Nicrophorus burying beetles are well suited as a system for investigating whether a focal 81 
parent adjusts its contribution towards parental care based on its own state and its partner’s state 82 
because it is one of the few insects with biparental care (Eggert et al., 1998; Smiseth & Moore, 83 
2004). Burying beetles breed on carcasses of small vertebrates, which provide the sole source of 84 
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food for the developing larvae (Scott, 1998). Both parents help prepare the carcass, protect it and 85 
the brood from predators and conspecifics, apply antimicrobials to the carcass, and provision the 86 
larvae with pre-digested carrion (Eggert et al., 1998; Rozen et al., 2008; Walling et al., 2008; 87 
Arce et al., 2012). Females often spend more time provisioning food for the larvae and stay on 88 
the carcass for longer than males, whilst males spend more time maintaining the carcass 89 
(Fetherston et al., 1994; Eggert et al., 1998; Smiseth & Moore, 2002; Rauter & Moore, 2004; 90 
Smiseth et al., 2005; Walling et al., 2008). Previous studies based on mate removal, 91 
handicapping or random-pairing designs provide mixed evidence with some support for both 92 
negotiation (Fetherston et al., 1994; Rauter & Moore, 2004; Smiseth et al., 2005; Suzuki & 93 
Nagano, 2009; Smiseth & Moore, 2004; Creighton et al., 2015) and sealed bid models (Jenkins 94 
et al., 2000; Rauter & Moore, 2004; Smiseth et al., 2005; Suzuki & Nagano, 2009). A recent 95 
study on the effects of inbreeding on biparental care found evidence for both negotiation and 96 
sealed bid models, suggesting that these two mechanisms are not mutually exclusive (Mattey & 97 
Smiseth, 2015). 98 
The state of an individual can refer to a number of different parameters, including its body 99 
size, age, nutritional condition and health. In this study, we focused on body size because a 100 
previous study on the same species found that large females had higher reproductive success than 101 
smaller ones (Steiger, 2013). Thus, smaller females might be less capable of providing care, 102 
suggesting that variation in body size influences the costs and/or benefits of parental care. To 103 
address whether male and female parents adjust their parental behaviour based on their own body 104 
size and that of their partner, we used 2×2 factorial design where a large or small male was 105 
paired with a large or small female. To this end, we experimentally generated different-sized 106 
male and female parents by varying the duration of their larval development (Steiger, 2013). We 107 
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predicted that small parents would provide less care than large ones and that a focal parent would 108 
provide more care when mated to small than to large partners. We also tested whether any 109 
adjustments in the level of care by a focal parent to its partner’s size were mediated through 110 
negotiation, matching or sealed bid decisions. We predicted that if such adjustments were 111 
mediated through negotiation or matching, they would be dependent on the amount of care 112 
provided by the partner, while if they were mediated through sealed bid decisions, they would be 113 
independent of the amount of care provided by the partner. 114 
 115 
Materials and methods 116 
General methodology 117 
We used virgin beetles from an outbred laboratory population maintained at The University of 118 
Edinburgh. We maintained a large population and only mated unrelated or distantly related 119 
individuals (no common ancestors for at least two generations) to avoid inbreeding in the stock 120 
population. The beetles used in this study comprised of sixth-, seventh-, and eighth-generation 121 
beetles from lines originally collected in Edinburgh, UK and Warmond, The Netherlands. They 122 
were housed individually in transparent plastic containers (12×8×2 cm) filled with moist soil and 123 
kept at 20
º
C and constant light. Non-breeding adults were fed raw organic beef twice a week. 124 
 125 
Experimental design 126 
In the first part of this experiment, we generated beetles of different sizes using a full-sib design 127 
based on previously established methodology for this species (Steiger, 2013). This design 128 
allowed us to exclude potential confounding effects due to genetic differences between 129 
individuals of different body sizes (Steiger, 2013). To this end, we paired up unrelated virgin 130 
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males and females, provided them with a previously frozen mouse carcass, and allowed them to 131 
produce a brood. For each of these 90 broods, we removed half of the brood from the carcass 132 
once the larvae reached the third instar and achieved a mass of 80-120 mg (approximately two 133 
days after hatching). We recorded the mass of each of these larvae and kept them in individual 134 
containers until they reached adulthood, when they were used as the small parents in our 135 
experiment. We left the remaining larvae on the carcass until almost the entire carcass was 136 
consumed, removing them right before dispersal (four to five days after hatching). We again 137 
measured their individual mass and put each larva in a separate container until they reached 138 
adulthood, when they were used as the large parents in our experiment. The larvae do not feed 139 
after dispersal and before eclosion, and the size of a larva at dispersal therefore determines its 140 
adult body size (Lock et al., 2004). 141 
When these small and large individuals reached adulthood, they were bred to collect data on 142 
their own and their partner's parental care behaviour. All beetles were virgins and were bred 143 
within two weeks after sexual maturity to avoid behavioural variation due to differences in age. 144 
To investigate the effects of male and female state on the dynamics of biparental care, we used a 145 
2×2 factorial design with the following treatment groups: a large male paired to a large female (n 146 
= 25), a large male paired to a small female (n = 25), a small male paired to large female (n = 147 
25), and a small male paired to a small female (n = 25). The larval mass of our experimental 148 
beetles ranged from approximately 80 to 230 mg, and the beetles that weighed less than 150 mg 149 
when remover from the carcass were classified as small (mean ± s.d. = 111 ± 14 mg), while 150 
beetles that weighed more than 150 mg were classified as large (mean ± s.d. = 203 ± 24 mg). 151 
The experimental pairs (n=100) were transferred to transparent plastic containers 152 
(17cm×12cm×6cm) with 1 cm of moist soil and provided with a previously frozen mouse carcass 153 
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(Livefoods Direct Ltd, Sheffield, UK) of a standardized size (22–25 g). Immediately after the 154 
eggs were laid, we moved the parents and the carcass to a new container with fresh, moist soil. 155 
When the eggs started hatching, we used the newly hatched larvae to generate experimental 156 
broods of 15 larvae by pooling larvae from eggs laid by different females across all treatments 157 
(Mattey & Smiseth, 2015). This cross-fostering design ensures that any effects of variation on 158 
the focal parent’s behaviour due to its own or its partner's body size can be attributed to 159 
interactions between the two parents rather than effects mediated through maternal effects or the 160 
number of larvae in the brood (Mattey & Smiseth, 2015). Due to temporal kin discrimination in 161 
this species, parents cannot distinguish between manipulated foster broods and their own broods, 162 
as long as the larvae are at the same developmental stage (Oldekop et al., 2007). Since parents 163 
kill any larvae that arrive on the carcass before their eggs are expected to hatch (Müller & 164 
Eggert, 1990), we only provided experimental pairs with a brood once their own eggs had 165 
hatched. Before placing the larvae on the carcass, we weighed the brood, which allowed us to 166 
calculate offspring growth from hatching to later stages of larval development. 167 
We conducted behavioural observations 24 hours after the parents were provided with a 168 
brood, as this stage in larval development corresponds to a peak in parental food provisioning in 169 
this species (Smiseth et al., 2003, 2007). We used instantaneous sampling every 1 min for 30 170 
min in accordance with established protocols (Smiseth & Moore, 2002; Mattey & Smiseth, 171 
2015). We recorded the number of scans each parent spent providing (i) direct care, defined as 172 
food provisioning to the larvae (i.e. mouth-to-mouth contact with at least one larva) or 173 
interacting with the larvae (i.e. inside or around the crater and allowing larvae to beg), and (ii) 174 
indirect care, defined as carcass maintenance (i.e. deposition of secretions to the surface of the 175 
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carcass or excavation of the crypt) or guarding (i.e. standing still in a position where it could 176 
defend the brood from predators or interspecific competitors).  177 
At the end of the 30-min observation, we measured the total mass of the brood and counted 178 
the number of larvae on the carcass. The larvae were then returned to the carcass, and the parents 179 
were allowed to care for the brood undisturbed until the larvae dispersed from the carcass about 180 
three to four days later. At dispersal from the carcass, we recorded the date, number of larvae and 181 
total brood mass.  182 
 183 
Statistical analyses 184 
All data were analyzed using R version 3.1.1. We used general linear models for traits that had a 185 
normal error structure (number of larvae at dispersal, average larval mass at dispersal, and early 186 
larval growth rate from hatching until the observation) and generalized linear models for traits 187 
that had a Poisson error distribution (female direct care, female indirect care, total direct care, 188 
and total indirect care). Because of the high proportion of zeros in the data on male care, we ran 189 
a zero-adjusted negative binomial (ZANB) regression (male direct care) and a zero-adjusted 190 
Poisson (ZAP) regression (male indirect care), using the 'hurdle' function in the 'pscl' package 191 
(Jackman, 2014). A binomial structure was assumed for the zero-hurdle model, and a negative 192 
binomial and a Poisson structure for the count model on male direct and indirect care, 193 
respectively. Significant values on the count model indicate that a given variable has an effect on 194 
the amount of care provided, whereas significant values on the zero-hurdle model indicate that a 195 
given variable has an effect on the probability of providing no care versus some care. For all of 196 
these models, decisions on whether to include the interaction term and any additional effects 197 
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were based on the lowest AIC score. When the difference in the AIC score was less than two, we 198 
used the simpler model. 199 
We conducted separate analyses for the amount of direct and indirect care provided by small 200 
and large parents of each sex. All such models included the main effects of male and female size 201 
(small or large) and the interaction between male and female body size. Note that for male 202 
behaviours, male size represents the focal parent’s size and female size represents the partner’s 203 
size, while for female behaviours, female size represents the focal parent’s size and male size 204 
represents the partner’s size. We also tested for an effect of the partner's behaviour on the 205 
amount of care provided by the focal parent. Carcass size was added as a covariate to all models 206 
on parental care because resource availability can influence parental behaviour (Mattey & 207 
Smiseth, 2015). Indeed, males provided more direct care on larger carcasses (z = 2.0, P = 0.047), 208 
whereas female provided more direct care on smaller carcasses (z = –2.4, P = 0.014). Carcass 209 
size had no effect on indirect care provided by males (z = 0.24, P = 0.81) or females (z = –1.6, P 210 
= 0.11). We also added brood size at the time of the observation to all parental care models, 211 
because, although we provided all parents with a brood of 15 larvae, there was some variation in 212 
the number of larvae that were alive at the time of the observation. Both males (z = 1.99, P = 213 
0.047) and females (z = 4.86, P < 0.0001) spent more time providing direct care to larger broods, 214 
but brood size had no significant effect on the amount of male indirect care (z=1.66, P=0.098) or 215 
female indirect care (z = 1.9, P = 0.054).  216 
To assess whether partner responses were mediated through a negotiation or matching 217 
process, we compared models in which the amount of time that the partner spent providing care 218 
was either added or removed as an additional effect. If such responses are mediated through a 219 
negotiation or matching process, we predicted that including the partner's behaviour would 220 
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remove or reduce the effect of the partner's body size on the amount of care by the focal parent. 221 
To examine the level of compensation, we conducted separate analyses for the total amount of 222 
direct and indirect care by the two parents. These models included male and female body size as 223 
main effects, the interaction between these two factors, as well as carcass size and brood size. 224 
Lastly, we tested whether parent size has an effect on early larval growth rate, number of 225 
larvae surviving to dispersal, and average larval mass at dispersal. Total direct care was added as 226 
a factor in these models, because the amount of care provided by the parents is expected to have 227 
an effect on offspring fitness. Furthermore, we included the number of larvae dispersing as a 228 
covariate in the model for average larval mass at dispersal, as previous studies have shown a 229 
relationship between number and size of larvae at dispersal (Smiseth et al., 2014). 230 
 231 
Results 232 
Do parents adjust their parental behaviour based on their own size? 233 
As expected, we found that small females spent less time providing direct care to their offspring 234 
than large females (Table 1; Fig. 1) and that small males were less likely to provide direct care 235 
than large males (zero-hurdle model: Estimate = –0.60, SE = 0.31, z = –2.0, P = 0.048). 236 
However, there was no difference in the amount of direct care provided by small and large males 237 
for those males that provided at least some direct care (count model; Table 1). Likewise, there 238 
were no differences in the amount of indirect care provided by small and large females or by 239 
small and large males (Table 1; Fig. 2). 240 
 241 
Do parents adjust their parental behaviour based on their partner's size? 242 
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As expected, there was a significant effect of the partner’s size on the amount of direct care 243 
provided by both males and females (Table 1; Fig. 1). However, in contrast to what we expected, 244 
both males and females spent significantly less time providing direct care when they were mated 245 
to a small partner than when they were mated to a large one. As a result, the total amount of 246 
direct care provided by the two parents was significantly lower when at least one of the parents 247 
was small (Table 2; Fig. 1). There was no difference in the amount of indirect care provided by 248 
males or females paired to a small or large partner (Table 1; Fig. 2), and the total amount of 249 
indirect care provided by the two parents was not affected by the parents’ size (Table 2; Fig. 2). 250 
 251 
Are responses to the partner’s size mediated through the partner's behaviour? 252 
To determine whether the adjustment in the amount of direct care by the focal parent based on its 253 
partner's body size was mediated through a response to the partner's behaviour, we compared 254 
models in which we included or excluded the amount of direct care provided by the partner as an 255 
additional effect in our models. We first tested for evidence for negotiation by testing whether 256 
the focal parent adjusted its contribution based on the amount of care provided by its partner. As 257 
expected if the two parents negotiate how much care each should provide, we found that females 258 
spent more time providing direct care when the male provided less direct care (Estimate = –259 
0.084, SE = 0.020, z = –4.3, P < 0.0001). Furthermore, males were more likely to provide direct 260 
care when their partner was providing less direct care (zero-hurdle model: Estimate = –0.12, SE 261 
= 0.06, z = –2.1, P = 0.037), although there was no evidence that the amount of direct care 262 
provided by the male was influenced by the amount of direct care provided by the female (count 263 
model: z = 0.19, P = 0.85). However, we found no evidence that negotiation accounted for the 264 
focal parent’s adjustment to its partner’s size, as focal parents mated to small partners still spent 265 
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significantly less time providing care compared to parents mated to large partners when the 266 
amount of direct care provided by the partner was included in the model (male direct care: z = –267 
2.2, P = 0.028; female direct care: z = –2.4, P = 0.018). Thus, the adjustment by the focal parent 268 
to its partner’s size was independent of the partner’s behaviour, as expected if this adjustment 269 
was mediated through a sealed bid decision. 270 
 271 
Does the interaction between own size and partner’s size influence parental behaviour? 272 
Our experimental design also allowed us to test for an effect of the interaction between the focal 273 
parent’s size and the size of its partner. We found a significant interaction effect on the amount 274 
of direct care provided by females, which reflected that small females spent more time providing 275 
direct care when they were mated to a small male, whereas large females provided a similar 276 
amount of care regardless of whether they were mated to a small or large male (Table 1; Fig. 1). 277 
There was no evidence for such an interaction effect on male direct or indirect care and female 278 
indirect care (Table 1).  279 
 280 
Does the parents’ size affect offspring fitness? 281 
We finally tested for effects of the parent’s size on components of the offspring’s fitness. We 282 
found that larval growth during the first 24 hours on the carcass was higher when the female was 283 
large, while there was no effect of male size (Table 3). We also found that larval growth rate 284 
during the first 24 hours on the carcass was higher in large broods (Estimate = 0.046, SE = 285 
0.008, t = 6.41, P < 0.0001). Similarly, average larval mass at dispersal was higher in large 286 
broods (Estimate = 0.0014, SE = 0.0007, t = 2.15, P = 0.035) and there was a nonsignificant 287 
effect of total direct care on larval mass at dispersal (t = 1.95, P = 0.055). There was no effect of 288 
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male or female size on either larval mass at dispersal or number of larvae surviving to dispersal 289 
(Table 3).  290 
 291 
Discussion 292 
Here, we report evidence from a burying beetle with biparental care showing that individual 293 
parents adjust their contribution towards parental care based on both their own body size and that 294 
of their partner. Specifically, we found that small females provided less direct care than large 295 
ones and that both males and females provided less direct care when paired with a small partner 296 
than when paired with a large one. As a consequence, the amount of total direct care provided by 297 
the two parents was lower when at least one of the parents was small. The difference in the 298 
amount of care between parents mated to different-sized partners was not related to variation in 299 
the amount of care provided by the partner. This suggests that the adjustment in care made by 300 
parents mated to a small partner was independent of the amount of care provided by the partner, 301 
as predicted by sealed bid models for the resolution of sexual conflict (Houston & Davies, 1985). 302 
There was also an effect of the interaction between the size of the focal parent and its partner, as 303 
small females provided more care when paired with a small male, while large females provided 304 
the same amount of care regardless of whether they were paired with small or large males. 305 
Below we provide a detailed discussion of the wider implications of our results for our 306 
understanding of biparental cooperation. 307 
Our first main finding was that small females provided less direct care than large ones, 308 
while there was a non-significant trend in the same direction for males. This finding confirms 309 
that female parents adjust their contribution towards parental care based on variation in their own 310 
body size. Previous work on the same species shows that small females have lower reproductive 311 
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success than large females (Steiger, 2013). Taken together, the results from this previous study 312 
and our results show that small female parents provide less parental care, presumably reflecting 313 
that small females incur higher costs and/or lower benefits of care. In N. vespilloides, body size 314 
is a permanent component of an individual’s state that is determined by the amount of resources 315 
that are acquired during larval development (Lock et al., 2004). Small females might provide 316 
less care and have lower reproductive success because they have a reduced capacity to predigest 317 
carrion for the larvae and/or produce antimicrobials than large females. Currently, there is very 318 
little evidence showing that cooperating parents adjust their contributions towards offspring care 319 
based on variation in body size or some other component of their own state. However, previous 320 
work focusing on the effects of inbreeding shows that inbred parents provide less care than 321 
outbred ones in zebra finches (Pooley et al., 2014), while inbred parents either provide as much 322 
or more care than outbred parents in N. vespilloides (Mattey & Smiseth, 2015). We note that 323 
parents also may vary with respect to other components of their state, such as nutritional 324 
condition and health, and there is now a need for further work to explore whether male and 325 
female parents adjust their level of parental care based on variation in other components of state. 326 
Our second main finding was that both males and females provided less care when they 327 
were mated to small partners than when they were mated to large ones. This result confirms that 328 
parents of both sexes adjust their contribution based on the body size of their partner. However, 329 
in contrast to what we predicted, parents reduced the amount of care they provided when mated 330 
to a small partner. This finding is surprising given that small parents provided less care than 331 
large ones and that theoretical models for the evolution of biparental cooperation predict that 332 
parents should either compensate (incompletely) or not alter the amount of care that they provide 333 
in response to a reduction in the amount of care provided by its partner (Houston & Davies, 334 
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1985; McNamara et al., 1999). Indeed, previous empirical work on N. vespilloides and other 335 
species in the genus Nicrophorus provides good evidence that parents respond to mate removal 336 
or mate handicapping by either increasing or not altering the amount of care that they provide 337 
(Smiseth & Moore, 2004; Smiseth et al., 2005; Suzuki & Nagano, 2009; Creighton et al., 2015; 338 
Mattey & Smiseth, 2015). Similar results have been reported in birds (Wright & Cuthill, 1989; 339 
Harrison et al., 2009). One potential explanation for our result is that parents respond to their 340 
partner's state not only to adjust for variation in the expected amount of care provided by their 341 
partner but also to adjust for their partner’s attractiveness or parental ability (Houston et al., 342 
2005). For example, there is evidence that small parents are less capable of defending their brood 343 
against infanticidal intruders (Trumbo, 2007). If so, parents mated to a small partner might be 344 
more at risk from takeovers by intruders, in which case they might reduce their investment in the 345 
current brood due to its lower reproductive value. Further work is needed to examine whether 346 
parents mated to small partners reduce their investment in the current brood in order invest more 347 
in future reproductive attempts. 348 
A key aim of our study was to identify the potential mechanisms whereby the focal parent 349 
adjusted its contribution based on its partner’s size. We predicted that such responses would be 350 
mediated through negotiation, matching or sealed bid responses. We found evidence for 351 
negotiation as both males and females provided more direct care when their partner provided less 352 
direct care (see also Smiseth & Moore, 2004; Mattey & Smiseth, 2015). Nevertheless, including 353 
the partner’s behaviour in the models did not remove or reduce the initial effect of the partner’s 354 
size on the amount of care provided by the focal parent. This suggests that the way in which 355 
parents responded to their partner’s size was not mediated through a response to the amount of 356 
care provided by the partner as predicted by negotiation or matching models (McNamara et al., 357 
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1999; Johnstone & Hinde, 2006) but rather that it was independent of the partner’s behaviour as 358 
predicted by sealed bid models (Houston & Davies, 1995). This finding has important 359 
implications for our understanding of the behavioural mechanisms mediating the resolution of 360 
sexual conflict over parental care. Negotiation, matching and sealed bid responses have been 361 
traditionally considered as mutually exclusive mechanisms. However, our study provides 362 
evidence for both negotiation, as parents adjusted the amount of care that they provided based on 363 
the amount provided by their partners, and sealed bid responses, as the focal parent’s adjustment 364 
based on its partner’s state was independent of the partner’s behaviour. These results are 365 
consistent with those of a previous study investing the effects of inbreeding on biparental 366 
cooperation in the same species (Mattey & Smiseth, 2015). 367 
We suggest a simple graphical model based on behavioural reaction norms to illustrate the 368 
difference between sealed bid responses and negotiation and how these two mechanisms might 369 
coexist (Fig. 3). In this model, the intercept depicts a sealed bid decision, while the slope depicts 370 
negotiation between the two parents. Sealed bid decisions represent a parent’s initial decision 371 
about how much care to provide to the current brood, which may or may not depend on its own 372 
state or its partner’s state (Fig. 3a). In contrast, negotiation represents subsequent changes in the 373 
parent’s decision on how much care to provide based on information on the actual amount of 374 
care provided by the partner (Fig. 3b). This simple model suggests that these two mechanisms 375 
can coexist, and that variation in the amount of care provided by a focal parent might reflect 376 
variation in its initial decision about how much care to provide (i.e., the intercept), and its 377 
subsequent responses to variation in the amount of care provided by its partner (i.e., the slope; 378 
Fig. 3c). We also argue that we now need to recognise different types of sealed bid decisions. In 379 
Houston & Davies’s (1985) classic sealed bid model, the levels of male and female care were 380 
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allowed to change over evolutionary time, while there was no scope for facultative adjustments 381 
in parental care based on either the parent’s own state or its partner’s state. Our results provide 382 
evidence for facultative sealed bid responses adjusted to both the parent’s own state and its 383 
partner’s state. We therefore distinguish between three types of sealed bid responses: (i) classic 384 
non-facultative sealed bid responses, as modelled by Houston & Davies (1985); (ii) facultative 385 
sealed bid responses, where the focal parent adjusts its level of care to its own state; and (iii) 386 
facultative sealed bid responses, where the focal parent adjusts its level of care to both its own 387 
state and that of its partner. We encourage further theoretical and empirical work to consider 388 
different types of sealed bid responses and the coexistence of sealed bid responses and 389 
negotiation. 390 
We also found evidence for an effect of the interaction between the parent’s own state and 391 
the state of its partner on the amount of direct care provided by females. Such an interaction 392 
effect might reflect that the focal parent’s ability to adjust its contribution to its partner’s state is 393 
dependent on its own state. For example, if small parents are working closer to their maximum 394 
capacity, their ability to adjust their contribution when mated to a small partner might be 395 
constrained by their own state. We found no support for this suggestion as small females 396 
provided more care when mated to a small male than when mated to a large one, while large 397 
females provided the same amount of care regardless of whether they were mated to a small or 398 
large male. Thus, there is no evidence that the observed interaction effect is due to constraints on 399 
the focal parent’s ability to adjust their contribution towards care. Instead, visual inspection of 400 
our results suggest that small females reduce their contribution when mated to a large male, 401 
while they provide as much as large females when they are mated to a small male (Fig. 1). 402 
Although we urge caution in interpreting this pattern, one potential explanation is that small 403 
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females increase their contribution to care when mated to a small male in order to prevent 404 
detrimental effects on the offspring that otherwise might occur when both parents are small. We 405 
encourage further work to investigate whether an increase in the workload of small females 406 
mated to a small male has a greater beneficial effect on the offspring’s fitness as compared to an 407 
increase in the workload of small females mated to a large male. 408 
Finally, we found little evidence that variation in the state of the parents also had any 409 
consequences for components of the offspring’s fitness. Small females had larvae that grew more 410 
slowly early on (i.e., until 24 h after hatching) than large females, but this difference did not 411 
persist until the time of larval dispersal from the carcass. Thus, our results suggest that the lower 412 
amount of care provided by small females is associated with reduced larval growth in the early 413 
stages of development, but that parents and/or larvae are capable of compensating for this during 414 
the later stages of development. In N. vespilloides, larval size at dispersal determines adult body 415 
size (Lock et al., 2004), which in turn is an important determinant of the reproductive success of 416 
adults during fights for possession of carcasses (Otronen, 1988). Thus, there would be strong 417 
selection on any mechanism that would compensate for reduced early growth, including an 418 
extended period of food provisioning by parents and an extended period of self-feeding by 419 
larvae. Further work should now examine these potential mechanisms for compensatory growth 420 
in this system. 421 
In conclusion, we report evidence for a species with biparental cooperation showing that 422 
each parent adjusts its contribution towards parental care based not only on the amount of care 423 
provided by its partner but also on its own state and that of its partner. Our results highlight the 424 
need to incorporate information on variation in the parents’ state and its implications on the 425 
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amount of care provided by parents in future theoretical and empirical work on biparental 426 
cooperation. 427 
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Figure legends 535 
 536 
Fig. 1 Amount of time spent providing direct care (mean ± SE) by small or large males (grey 537 
bars) and small or large females (white bars) during a 30-min observation conducted 24 hours 538 
after providing the parents with an experimental mixed brood. Direct care behaviours comprise 539 
food provisioning and interactions with larvae. Filled circles indicate the mean total direct care 540 
provided by the two parents in each treatment group.  541 
 542 
Fig. 2 Amount of time spent providing indirect care (mean ± SE) by small or large males (grey 543 
bars) and small or large females (white bars) during a 30-min observation conducted 24 hours 544 
after providing the parents with an experimental mixed brood. Indirect care behaviours comprise 545 
guarding and carcass maintenance. Filled circles indicate the mean total indirect care provided by 546 
the two parents in each treatment group 547 
 548 
Fig. 3 Graphical model illustrating sealed bid decisions (a), negotiation (b), and a combination of 549 
sealed bid decisions and negotiation (c). In all cases, the intercept represents a fixed initial 550 
decision that is independent of the amount of care provided by the partner as assumed by sealed 551 
bid models, while the slope represents a flexible adjustment in care based on the amount of care 552 
provided by the partner as assumed by negotiation models. 553 
 554 
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Table 1. Effects of parent size on biparental cooperation. We provide information on the parameter estimates (Est), standard errors (SE), test 
statistics (z- and t-values), and P-values for the effects of the focal parent's size, the partner's size, and the interaction between the two parents' 
sizes. The reference category for the focal parent's size and the partner's size was 'large.' For simplicity, we present the results for the count model 
for the ZANB and ZAP regressions used to analyze male direct and indirect care, respectively (see text for zero-hurdle model results). Data on 
female care were analyzed using a GLM fitted with a Poisson error structure. Statistically significant P-values are indicated in bold. 
 
  
 Focal parent's size  Partner's size  Interaction 
Type of care Est SE z P  Est SE z P  Est SE z P 
M direct care -1.06 0.63 -1.7 0.093  -1.10 0.49 -2.2 0.026  1.52 0.83 1.4 0.066 
F direct care -0.51 0.14 -3.5 <0.001  -0.32 0.14 -2.3 0.022  0.75 0.20 3.8 <0.001 
M indirect care -0.23 0.32 -0.7 0.48  0.40 0.21 1.9 0.059  0.68 0.41 1.6 0.10 
F indirect care -0.19 0.10 -1.9 0.059  -0.01 0.1 -0.09 0.93  -0.04 0.20 -0.2 0.85 
Page 26 of 31Journal of Evolutionary Biology
27 
 
Table 2. Effects of male and female body size on total care provided by the two parents. Each row represents the total amount of time spent 
providing direct and indirect care during a 30-min observation period. These data were analyzed using a GLM fitted with a Poisson error structure. 
We provide information on the parameter estimates (Est), standard errors (SE), test statistics (z-values), and P-values for the effects of the male’s 
size, the female's size, and the interaction between the two. The reference category for male size and female size was 'large.' Statistically 
significant P-values are indicated in bold. 
 
  
 Male size  Female size  Interaction 
Type of care Est SE z P  Est SE z P  Est SE z P 
Total direct care -0.42 0.14 -3.0 0.003  -0.54 0.14 -3.7 <0.001  0.64 0.20 3.2 0.001 
Total indirect care -0.02 0.47 -0.04 0.97  0.33 0.48 0.69 0.49  0.23 0.67 0.35 0.73 
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Table 3. Effects of parent size on offspring fitness. These data were analyzed using general linear models. We provide information on the 
parameter estimates (Est), standard errors (SE), test statistics (t-values), and P-values for the effects of the male’s size, the female's size, and the 
interaction between the two. The reference category for male size and female size was 'large.' Statistically significant P-values are indicated in 
bold. 
 
 Male size  Female size  Interaction 
Offspring trait Est SE t P  Est SE t P  Est SE t P 
Early larval growth 0.02 0.06 0.41 0.69  -0.09 0.04 -2.1 0.039  -0.06 0.08 -0.67 0.51 
Larval mass at dispersal 0.008 0.004 1.94 0.056  0.002 0.006 0.35 0.73  -0.01 0.01 -0.64 0.52 
Number of larvae  
at dispersal 
0.66 1.2 0.55 0.58  -0.81 1.2 -0.65 0.52  0.88 1.7 0.51 0.61 
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